Increasing evidence favors the notion that, before triggering, the T cell antigen receptor (TCR) forms nanometer-scale oligomers that are called nanoclusters. The organization of the TCR in pre-existing oligomers cannot be ignored when analyzing the properties of ligand (pMHC) recognition and signal transduction. As with other membrane receptors, the existence of TCR oligomers points out to cooperativity phenomena. We review the data in support of conformational changes in the TCR as the basic principle to transduce the activation signal to the cytoplasm and the incipient data suggesting cooperativity within nanoclusters.
INTRODUCTION
The molecular mechanisms underlying the initiation of TCR signaling are not completely understood. As for other membrane receptors (Lemmon and Schlessinger, 2010) , the predominant view of a purely crosslinking model as the mechanism for signal transmission across the membrane is slowly changing to accept the existence of conformational changes in the TCR (van der Merwe and Dushek, 2011) . Conformational changes are widespread both in soluble and membrane-bound proteins (Anyatonwu et al., 2010; Cederholm et al., 2010; Wade et al., 2011) . The archetypical example is this of G-protein-coupled receptors (GPCRs) which was originally proposed to oscillate between an inactive and an active state stabilized by ligand binding. However, more recent evidence supports the notion that there is a variability in receptor conformations according to the nature of the ligands (Kahsai et al., 2011) . The change from inactive to active conformation initiates in the ectodomains of the receptors and is somehow transmitted to the cytoplasmic tails leading to the unmasking of an intracellular loop that forms a G-protein binding site (Wess, 1997; Wess et al., 1997) . More recently, it has been shown that transmission of the active conformation requires extensive rearrangement of the transmembrane domains of the GPCRs (Altan- Bonnet and Germain, 2005; Adler et al., 2008) . Many receptors with intrinsic tyrosine kinase activity also undergo ligand-induced conformational changes (Jiang and Hunter, 1999) , as well as several receptors of immunological interest, including: integrins, the erythropoietin receptor, the tumor necrosis factor receptors, Fas, the interleukin 6 receptor, IFN receptors (Banner et al., 1993; Walter et al., 1995; Remy et al., 1999; Chan et al., 2000; Siegel et al., 2000; Krause et al., 2002; Murali et al., 2005; Strunk et al., 2008) , and most important, Abbreviations: EM, electron microscopy; FRET, Forester's resonance energy transfer; GPCRs, G-protein-coupled receptors; ITAM, immunoreceptor tyrosine-based activation motif; NMR, nuclear magnetic resonance; pMHC, major histocompatibility complex loaded with antigen peptide; PRS, proline-rich sequence; TCR, T cell antigen receptor. the B cell receptor (Cambier et al., 1994; Reth, 2002; Tolar et al., 2005; Yang and Reth, 2010) .
The studies on the mechanisms of signal initiation by the TCR are perverted by models which try to explain some of the properties of antigen recognition by T cells, such as the discrimination between MHC loaded with self-peptides and MHC loaded with antigen peptides and the exquisite sensitivity of T cells to low doses of antigen, but that do not provide mechanistic insights into how signal is transmitted from the outside to the cytoplasm. These models are summarized in Figure 1 and include the kinetic proofreading model, the serial triggering model, the kinetic segregation model and the dissociation of the TCR in its composing subunits. The kinetic proofreading model is based on a correlation between the dissociation constant of MHC loaded with different peptides and T cell response, but it has not progressed beyond a mere correlation (McKeithan, 1995) . The serial triggering model proposes that an engaged TCR is internalized and leaves the same triggering pMHC molecule accessible to a second nontriggered TCR (Valitutti et al., 1995) . This model does not provide mechanistic insights and has not provided evidence as to how and where the disengaged TCR transmits signals once the ligand has dissociated. The kinetic segregation model proposes that T cell activation is made possible by the segregation of proteins with large ectodomains such as the tyrosine phosphatase CD45 from areas of the membrane where the TCR and other proteins with smaller ectodomains are accumulating (Anton van der Merwe et al., 2000; Davis and van der Merwe, 2006) . In our view, this model is a variation of the crosslinking model. Likewise, the dissociation in composing subunits that proposes that TCR triggering results in the release of the signaling CD3 subunits from an inhibitory contact with the TCRα/β subunits is a variation of the conformational change model. Nevertheless, crosslinking, kinetic segregation, and conformational changes are not mutually excluding. Indeed, we have evidence that both crosslinking of the TCR and conformational changes are required for T cell activation (Minguet et al., 2007) . 
EVIDENCE IN FAVOR OF A CONFORMATIONAL CHANGE IN THE TCR AS THE PRIMARY EVENT IN THE INITIATION OF SIGNAL TRANSDUCTION
The initial evidence for the existence of ligand-induced conformational changes in the TCR complex came from co-capping experiments performed by Janeway and colleagues (Janeway, 1995) . They realized that stimulation of T cells with monovalent Fab fragments of anti-TCR antibodies promoted co-capping with the CD4 co-receptor, suggesting that anti-TCR antibodies may promote changes in the T cell in the absence of TCR crosslinking (Yoon et al., 1994) . Later, we found that TCR triggering in the presence of the src kinase inhibitor PP2 or even in cell-free purified preparations led to its induced binding to the N-terminal SH3 domain of Nck (Gil et al., 2002) . The TCR binds Nck through the proline-rich sequence (PRS) of CD3ε. Therefore the induced binding indicated the existence of a conformational change in the TCR that was manifested in the exposure of the PRS for Nck binding (Figure 2) . Induction of PRS exposure was first demonstrated with stimulatory anti-CD3 antibodies (Gil et al., 2002) and later with a panel of pMHC ligands . The finding that mAb APA1/1 binds the PRS of CD3ε in the active conformation of the TCR, added further support to the conformational change model and served to demonstrate that the TCR adopted the active conformation when stimulated by antigen in vivo . However, both Nck binding and APA1/1 recognition reflect the same molecular event, i.e. exposure of the PRS in the tail of CD3ε. The first demonstration that conformational changes affect TCR subunits other than CD3ε came from a protease sensitivity assay in which the cytoplasmic tails of both CD3ε and CD3ζ were shown to adopt a trypsin-resistant conformation when the TCR was triggered (Risueno et al., 2008a) . This resistance was proposed to derive from the tight packing of the CD3 tails in the active conformation that contrasted with a loose or floppy state for the cytoplasmic tails in the inactive conformation. Interestingly, a protein chimera containing the cytoplasmic tail of CD3ε was found by Forster's resonance energy transfer (FRET) to have the two key tyrosine residues of the ITAM inserted in the plasma membrane where they are inaccessible to kinases, suggesting that in the inactive conformation the tail of CD3ε was tightly associated to the plasma membrane's phospholipids (Xu et al., 2008) . These FRET results were in line with the idea of floppy tails resulting from the protease resistance experiments. Nevertheless, it has to be pointed out that the FRET experiments were performed with a CD3ε chimera and therefore it remains to be determined whether the tight association with the plasma membrane holds true in the context of a complete TCR.
Although the ectodomains of the TCRα/β heterodimer and of the CD3γ-CD3ε and CD3δ-CD3ε dimers, as well as the
FIGURE 2 | Model for transmission of the ligand-induced conformational change within a TCR cluster. Upon binding of pMHC (a dimer or an oligomer) to a TCR nanocluster, a torque in the contacted TCRα/β heterodimers is produced that is transmitted to the CD3 ectodomains (blue arrows). The CD3 ectodomains adopts the active conformation that is transmitted to their cytoplasmic tails through the transmembrane domains.
The adoption of the active conformation by the CD3 tails result in the exposure (represented by an asterisk) of the polyproline sequence (blue square) in the tail of CD3ε and the adoption of a compact structure in contrast to its loose state before engagement. This compact structure facilitates the phosphorylation of ITAMs by Lck. The conformational changes are transmitted to all other TCR complexes within a nanocluster.
www.frontiersin.org transmembrane domain of CD3ζ, have been structurally determined by X-ray crystallography and NMR (Sun et al., 2001 (Sun et al., , 2004 Arnett et al., 2004; Kjer-Nielsen et al., 2004; Call et al., 2006; Garcia et al., 2009) , the entire TCR complex has not been purified in sufficient amount and purity as to generate atom-scale information (Arechaga et al., 2010 ). This has not made possible to visualize changes that might occur at the TCRα/β-CD3 ectodomain interfaces or in the transmembrane domains. The TCRα/β ectodomains of several TCRs have been crystallized with or without its pMHC ligand and no detectable changes have been identified in most of them (Ding et al., 1999; Rudolph et al., 2006) , that could result in transmission of conformational changes to the CD3 subunits. The exception is the LC13 TCR, where a ligand-induced shift of the Cα AB loop was demonstrated first by X-ray crystallography (Kjer-Nielsen et al., 2003) and later by site-directed fluorescence labeling (Beddoe et al., 2009 ). Mutation of the AB loop in the LC13 TCR was shown to affect T cell activation, but whether the conformational change of the AB loop is a peculiarity of the LC13 TCR or is a general phenomenon not visualized in other TCRs due to poor resolution of the loop or to the tight packing imposed by the crystal, remains to be determined (Beddoe et al., 2009) . Using existing structural data of CD3γ-CD3ε and CD3δ-CD3ε dimers bound and unbound to stimulatory anti-CD3 antibodies, a molecular dynamics model was generated that predicted a stiffening effect in the structures of the antibody-bound dimers. Two amino acid residues (Lys76 and Cys80) of CD3ε that were particularly changing their position in the bound vs. the unbound dimers were mutated to assess their impact on signal transmission. Mutation of both residues inhibited or abrogated the adoption of the active conformation by the PRS of CD3ε and prevented T cell activation upon antibody or pMHC triggering (Martinez-Martin et al., 2009 ). These results demonstrated that Lys76 and Cys80 were required for transmission of outside-in information in the TCR and validated the importance of conformational changes as primary signal transducing mechanisms in the TCR. Interestingly, Cys80 forms part of the CxxC motif of CD3ε. It should be pointed out that some of the conformational mutants of CD3ε showed a dominant negative effect in the induction of the conformational change, hence the inhibition of the conformational change took place even in the presence of an excess of wild type CD3ε. In a different study, replacement of the two cysteine residues from the CxxC motif by serine was shown to abrogate T cell differentiation in the thymus (Wang et al., 2009 ).
MODELS FOR TRANSMISSION OF CONFORMATIONAL CHANGES
As for other membrane receptors (Risueno et al., 2008b) , the mechanism proposed for the transmission of the conformational change across the membrane involves piston-like, rotational, and sliding movements (Kuhns et al., 2006; Risueno et al., 2008b) . The paired G beta strands of CD3ε and CD3γ form a rigid rod-like connector that could produce a displacement of the transmembrane helices in a piston-like movement (Sun et al., 2001 ). However it is not clear how a piston-like movement could be transmitted to the ITAMs. The receptor deformation model is a variation of the piston mechanism whereby forces created at the T cell-APC contact site "pull" the TCR when it is engaged by pMHC and induce a conformational change in the TCR (Ma and Finkel, 2010) . The idea of the TCR being a mechanosensor is gaining acceptance (Kim et al., 2009) . By using immobilized non-stimulatory anti-CD3 mAb it has been shown that calcium fluxes can be induced if a tangential force, but not a normal force, is applied. The physiological source of this force includes oscillatory movements of the cytoskeleton, forces induced during T cell detachment and migration and tensional forces generated by larger molecules in the vicinity of the engaged TCR (Kim et al., 2009 ). According to this, it is the deformation of the TCRα/β heterodimer induced by a tangential force what causes a push or a pull on the CD3 subunits and allows the transmission of the conformational change to the cytoplasm. However, this model does not explain how soluble anti-CD3 or anti-TCRα/β V region antibodies and pMHC multimers stimulate T cells (Rojo and Janeway, 1988; Rosette et al., 2001; Campanelli et al., 2002) .
COOPERATIVITY IN THE INDUCTION OF CONFORMATIONAL CHANGES AS A MODEL OF SIGNAL AMPLIFICATION
Early studies using sucrose density gradients (Exley et al., 1995) and on double TCR-transgenic mice, using FRET, co-modulation and co-precipitation techniques, showed that TCRs of different antigen specificity are physically associated (FernandezMiguel et al., 1999) . This led to the notion that the TCR is at least bivalent. This idea has been recently reinforced using immunoprecipitation-flow cytometry (Schrum et al., 2011) . However, in addition to dimers, the TCR seems to form higher-order oligomers independent of stimulation. A number of independent techniques have been used to study this issue, including blue native gels (BN-PAGE) and immuno-gold EM after label-fracture. Immuno-gold EM indicated that the TCR is expressed as a mixture of oligomers of different size in non-stimulated resting T cells, ranging from single complexes to clusters of 20 or more TCR complexes (Schamel et al., 2005) . It is unlikely that the oligomeric complexes observed are an artifact of the technique because the cells are fixed with aldehydes before labeling with antibodies, the complexes can be detected by antibodies specific for different chains of the TCR complex, depletion of cholesterol before fixing and labeling with antibodies disrupts TCR oligomers, and the size of the TCR oligomers differs between naïve and antigenexperienced T cells. Even when detected with the same antibody, the change in oligomeric TCR size can also be detected by an independent method (BN-PAGE) and finally, a single mutation in the transmembrane domain of CD3ζ can impair oligomeric TCR formation (Kumar et al., 2011) .
Analysis of membrane sheets by EM has shown that many membrane receptors are non-randomly associated forming the so called "protein islands" supported by cholesterol and the underlying cytoskeleton (Lillemeier et al., 2006) . The TCR is one of such receptors, as demonstrated in addition by high-speed photo activated localization microscopy, and dual-color fluorescence crosscorrelation spectroscopy (Lillemeier et al., 2009 ). Hence our data, along with studies using alternative techniques (Lillemeier et al., 2009; Sherman et al., 2011) , show that the TCR is expressed as pre-existing oligomers before the T cell is engaged by its pMHC ligand. Furthermore, the effect of the CD3ζ mutation on sensitivity of antigen-experienced T cells suggests that the TCR is functionally multivalent in this population. Interestingly, other membrane receptors that undergo conformational changes are being demonstrated to be organized as oligomers. This is the case for GPCRs which were long suspected to form dimers and are now being shown to form higher-order oligomers (Kaczor and Selent, 2011) .
Preassembled oligomeric TCR complexes could be a platform for the transmission of the conformational change. Therefore, binding of the pMHC begins with a monovalent interaction between one pMHC and one TCR within a cluster. This initial event favors the interaction of a second pMHC-TCR. Binding of two or more agonist ligands promotes a conformational change in all the TCR complexes of the same oligomer (Schamel et al., 2006) . Such a cooperative effect has been proposed for amino acid receptors in bacteria, explaining their high sensitivity to very low concentrations of ligand (Duke et al., 2001 ) and more recently for GPCRs (Canals et al., 2012) . The cooperative effect in the TCR is strongly suggested by the dominant negative effect in the transmission of the conformational change exerted by CD3ε conformational mutants expressed within an excess of endogenous wild type chain (Martinez-Martin et al., 2009 ). We envision the preassembled TCR oligomers as tightly packed structures in which all TCR complex units are coupled, shifting simultaneously from an inactive to an active conformation, such as the lamellas of a venetian blind open and close. The surface of the pMHC complex always contacts the surface of TCRα/β in a diagonal orientation (Rudolph et al., 2006) . Simultaneous binding of two or more pMHC complexes to a TCR oligomer would provoke a rotation of the contacted TCRα/β heterodimers, such as it has been proposed in the"permissive geometry model" (Minguet and Schamel, 2008) . This rotation imposed upon the contacted TCRα/β heterodimers could be transmitted to the rest of the TCRα/β heterodimers in the TCR oligomer even if they are not directly contacted by pMHC, thus making all TCR units in the oligomer participants in the signaling process (Figure 3) . Interestingly, it has just been published that disruption of the TCR-pMHC binding geometry by using a protruding antigen peptide impedes signal transduction even though the affinity of the interaction in solution is as high as this of other pMHC complexes binding with a normal angle (Adams et al., 2011) . Despite the high 3D affinity (in solution) for the TCR of the abnormal pMHC, the affinity in 2D (membrane-bound) is lower than this of normal pMHC ligands. It would be interesting to determine if the incapacity to activate T cells is derived from an inability to induce the conformational change in the TCR and if the diminished 2D affinity is derived from an impossibility to induce the twist or torque in two or more TCRα/β heterodimers within a TCR nanocluster. Finally, the conformational change in the TCR allows the exposure of the CD3 cytoplasmic tails and the recruitment of direct effectors such as Nck and regulates the accessibility of their tyrosine residues to the priming kinase Lck. Recent data indicate that TCR engagement does not increase the activity of Lck (Nika et al., 2010) . If this is confirmed, regulation of CD3 tyrosine phosphorylation would occur just at the level of the substrate (tyrosine residues) and not of the kinase, suggesting that the TCR conformational change is the only mechanism regulating the most initial events of TCR signaling.
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